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A B S T R A C T
The irradiation-induced phase transformation and mechanical property stability of the Cu48Zr48Al4 bulk metallic
glass composites (BMGCs) were investigated. An obvious structural transformation occurred from the B2-CuZr
phase to the B19′-CuZr and the B33-CuZr phases following irradiation, when the dose increased from
2.5× 1017 ions/cm2 to 1.0× 1018 ions/cm2. This change was accompanied by the changes of the maximum
displacement per atomic (DPA) increasing from 21.5 dpa to 86 dpa. The mean surface roughness increased as the
incident dose increased. The local exfoliation occurred at the maximal dose. The changes of mechanical prop-
erties were characterized via nanoindentation. The hardness and Young's modulus in the amorphous regions
decreased as the dose increased. In contrast, the crystalline regions presented a distinct hardening eﬀect, due to
the appearance of the martensitic phases. The macroscopic hardness of the BMGCs obtained by the Vickers
indentation instrument was basically unchanged after irradiation. The results suggested that these materials
maintained a stable performance, because of the combined eﬀects of hardening and softening. This study could
aid the design of novel materials that are subjected to irradiation circumstance.
1. Introduction
The development of the ﬁrst-wall materials within fusion reactors is
an ongoing process [1,2]. The long-term irradiation circumstance re-
sults in the structure alloys becoming bombarded by thermal neutrons,
hydrogen isotope particles, and helium ions. This changes the material's
structure and properties, due to the generation of Frenkel pair defects
[3]. The gradual accumulation of the microscopic defects forms nu-
merous defect clusters such as dislocation loops, voids and stacking
fault tetrahedrons, which ultimately induces an obvious hardening ef-
fect [4]. The hardening reduces the ductility of the materials, causes
embrittlement [5], as well as shortens the service life when applied in
an irradiation environment. Designing novel materials with stable
mechanical properties is crucial for these reactors.
Bulk metallic glasses (BMGs) are believed as an ideal potential
candidate for applications in nuclear-irradiated environments, as they
lack crystalline defects, such as dislocations and grain boundaries [6,7].
Some studies have found that the ion beam resistance capability of the
BMGs is greater than the traditional radiation resistance materials [8].
The free volume increases inside the matrix when a high irradiation
dose is applied, which could improve the plastic-deformation ability
and display a softening eﬀect [9]. However, the BMGs usually failed
due to catastrophic fracture, where they exhibit little macro plasticity at
room temperature [10]. This would restrict their further application as
the structural materials in nuclear industry. Bulk metallic glass com-
posites (BMGCs) consist of a glassy matrix and crystalline phases, where
they have been shown to eﬀectively enhance the plasticity of the BMGs
[11]. The BMGCs may maintain stable mechanical properties under
irradiation, by combining the softening and the hardening eﬀects that
occur in the amorphous and crystalline alloys. The work hardening and
considerable tensile ductility were obtained in CuZr-based BMGCs via
the precipitation of the B2-CuZr phase [12], demonstrating their po-
tential applications in an irradiation environment. The ion bombard-
ment responses of these materials with both amorphous and crystalline
phases are worthy of study.
In this work, the eﬀects of 100 keV He+ ion irradiation on the
structure and mechanical properties of a CuZr-based BMGCs were stu-
died, which presented diﬀerent responses in the amorphous matrix and
the embedded crystalline phases at diﬀerent doses. The results could
promote the understanding of the interaction mechanism between the
metallic glass composites and the ion beam.
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2. Experimental methods
A Cu48Zr48Al4 alloy with a single B2-CuZr phase embedded in a
glass matrix was fabricated by arc melting in an argon atmosphere. The
raw materials used for alloy had a purity of 99.99%. The two sides of
ingots were completely remelted ﬁve times to ensure its chemical
composition homogeneity. Cylindrical rods with 5mm in diameter and
60mm in length were prepared via suction casting using a copper mold.
The samples 2.0mm in length were cut from the resulting rods. Prior to
irradiation experiments, surfaces of the samples were mechanically
polished to a mirror ﬁnish and cleaned ultrasonically. Next, the po-
lished samples were irradiated with 100 keV He+ ion beam at normal
angle using the BNU-400 kV electrostatic accelerator with a dose of
2.5× 1017 ions/cm2, 5.0× 1017 ions/cm2 and 1.0× 1018 ions/cm2,
respectively. SRIM2008 program was used for calculating the ions
range and displacement per atom (DPA) in the target materials [13].
After the irradiation experiment, the phase structures of the as-cast and
irradiated samples were studied by X-ray diﬀraction (XRD) using Cu Kα
radiation. The microstructure was investigated by optical microscope
(OM; Olympus BX-51) and scanning electron microscope (SEM, JEM-
2100F). The surface morphology and roughness were characterized by
atomic force microscope (AFM, Hysitron Tribo Scope). Nanoindentation
experiments were conducted at room temperature (29.0 °C) on Agilent
Nano Indenter G200 with a stand Berkovich indenter. Hardness (H) and
Young's modulus (E) were measured through the continuous stiﬀness
measurement (CSM) mode (Δh=2 nm, f= 45Hz) [14]. Each na-
noindentation test ran at a constant strain rate of 0.05 s−1 to a max-
imum of 1000 nm into the indented surface. Vickers hardness tests were
done on each sample with a MH-6 digital micro-hardness tester with a
load of 100 g (0.98 N) for 10 s.
3. Results and discussion
The simulation of the incident helium ions in Cu48Zr48Al4 BMGC
was calculated via SRIM2008. Fig. 1 shows the incident depth-depen-
dent distribution curve for the displacement per atom (DPA), as well as
the nuclear and electronic stopping powers induced by 100 keV He ion
irradiation (dose= 1.0×1018 ions/cm2). The DPA is an important
characterization mean of the irradiation-induced damage on materials
[15]. The SRIM simulation details are shown in Table 1 [16]. The da-
mage proﬁle of the Cu48Zr48Al4 was determined from the sum of the
predicted Cu, Zr, and Al vacancy concentrations and the replacement
events, which was primarily concentrated within 0 μm–0.6 μm from the
surface. The DPA in the CuZr-based BMGC increased rapidly, where it
reached the maximum of 86 dpa at the depth of 0.35 μm. The peak
values of the DPA that corresponded to the doses of 2.5× 1017 ions/
cm2 and 5.0×1017 ions/cm2 were 21.5 dpa and 43 dpa. The electronic
stopping power decreased with the depth increased. While the nuclear
stopping power reached the maximum value at the depth of 0.35 μm,
and then decreased signiﬁcantly [17].
The phase composition and microstructure that were characterized
by XRD examinations and microscopic tests. Fig. 2 shows the XRD
patterns of the as-cast and irradiated Cu48Zr48Al4 BMGC at various
doses. The XRD results of the as-cast samples revealed sharp crystalline
peaks that corresponded to the B2-CuZr phase superimposed on the
broad diﬀraction of the amorphous phases. The three Bragg-peaks of
the B2-CuZr phases were located approximately at 2θ=38°, 57°, and
75°. Fig. 3 shows the OM images of the Cu48Zr48Al4 BMGC before and
after irradiation. The spherical precipitates of the B2-CuZr phases em-
bedded in the glassy matrix are observed in Fig. 3(a). The volume
fraction of the B2-CuZr particles was 28 ± 3 vol%, via the OM images.
The peaks of the monoclinic CuZr, Cu10Zr7 and CuZr2 phases appeared
at 2.5× 1017 ions/cm2. While the diﬀraction intensity of the B2-CuZr
phase signiﬁcantly decreased. The relative diﬀraction intensities of the
monoclinic phase increased moderately with the disappearance of B2-
CuZr phase at 5.0× 1017 ions/cm2. The diﬀraction intensities corre-
sponding to the monoclinic phase were further enhanced at
1.0× 1018 ions/cm2. The XRD results suggested that the as-precipitated
B2-CuZr phase transformed into the monoclinic phases after ion irra-
diation, which is accompanied by the formation of Cu10Zr7 and CuZr2
phases. Meanwhile, there were some martensitic lathes inside the ir-
radiated crystalline particles (Fig. 3(b-d)), which suggested the irra-
diation-induced martensitic transformation. Previous studies show that
the precipitated phase in Cu50Zr45Ti5 glassy alloy during irradiation is a
mixture of an orthorhombic Cu10Zr7 phase, a tetragonal CuZr2 phase
Fig. 1. Distributions of nuclear stopping, electronic stopping and DPA as a
function of incident depth at the dose of 1.0×1018 ions/cm2.
Table 1
Input to SRIM 2008 software.
Ion date Target data
Symbol Atomic
number
Energy
(keV)
Angle of
incidence
Displacement
energy (eV)
Lattice
binding
energy
(eV)
Surface
binding
energy
(eV)
Cu 29 30 3 3.52
Zr 40 100 0 40 3 6.33
Al 13 27 3 3.36
Fig. 2. XRD patterns of the Cu48Zr48Al4 BMGC before and after ion irradiation.
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and a monoclinic CuZr phase [18]. The formation of the Cu10Zr7 and
CuZr2 phases is suggested to via a eutectoid reaction: SCL→
Cu10Zr7+ CuZr2 (SCL-supercooled liquid) [3]. However, the formation
of the monoclinic CuZr phase is proposed to be due to ion knock-on
eﬀect under irradiation. In our paper, the monoclinic CuZr phase is
dominated after irradiation due to the ion knock-on eﬀect and irra-
diation-induced stress [19,20]. We believe that the He+ ion irradiation
may also cause crystallization in the amorphous matrix. As shown in
Fig. 2, the precipitated phases are the mixture of the monoclinic CuZr
(B19′ and B33), orthorhombic Cu10Zr7 and tetragonal CuZr2 phases.
The orthorhombic Cu10Zr7 and tetragonal CuZr2 phases may precipitate
from the amorphous matrix.
The AFM images of the surface morphology and the RMS roughness
of the amorphous and crystalline regions are depicted in Fig. 4. The
sample surface was rougher after irradiation, and the RMS roughness
increased when the dose increased. The RMS roughness of the amor-
phous region reached 7.09 nm at a dose of 2.5× 1017 ions/cm2, where
some holes appeared on the surface. When the dose increased to
5.0×1017 ions/cm2, the RMS roughness reached 11.2 nm, due to the
formation of irradiation-induced damages. At the dose of
1.0× 1018 ions/cm2, the RMS roughness reached 22.4 nm due to ex-
foliation as seen in Fig. 4(a3). The surface relief phenomenon caused by
the appearance of martensitic lath was clearly observed in the crystal-
line region [21]. Additional B2 phases transformed into monoclinic
CuZr phases as the dose increased, which accentuated the eﬀect of the
surface relief. The RMS roughness of the crystalline regions increased
from 18.1 nm to 48.0 nm, which was greater than the amorphous region
at the same dose. The ion irradiation played a dominant role in the
roughening process in both amorphous and crystalline regions.
The irradiation-induced damages in the Cu48Zr48Al4 BMGC were
further studied by SEM. Fig. 5 shows the surface morphology of the
Cu48Zr48Al4 BMGC before and after irradiation. Fig. 5(a) and (e) show
that the surface of the amorphous and crystalline regions were ﬂat and
smooth before irradiation. A dose of 2.5× 1017 ions/cm2 was applied
and a few tiny holes appeared in the amorphous region. The crystalline
region obtained the martensitic lath and the irradiation-induced da-
mages. When the dose reached 5.0×1017 ions/cm2, the holes in the
amorphous region became larger. Some of the martensitic laths were
covered by the severe damages in the crystalline region. The irradiation
dose was further increased to 1.0× 1018 ions/cm2, where the cracking,
the exfoliation, and other damages (indicated by the white arrows)
appeared in the amorphous regions. A larger exfoliated area (white
contrast) appeared in the crystalline regions than in the amorphous
regions, which was accompanied by holes, sub-layer exfoliation, and
martensitic lath. The exfoliated area expanded further along the
boundary when the irradiation dose increased consistently. Usually, the
constant bombardment by He+ ions generated stress among the lat-
tices. The irradiation-induced martensitic transformation was accom-
panied by the generation of high density dislocations [22,23], which
improved the brittleness in the crystalline regions [24]. The results
show that the irradiation damage caused by He+ irradiation in the
crystalline region is more severe than that in the amorphous region.
Nanoindentation is usually used to investigate the mechanical be-
havior of MG systems [25]. The load-displacement (P-h) curves for the
amorphous and crystalline regions of the Cu48Zr48Al4 BMGCs are shown
in Fig. 6. Fig. 7 shows the hardness and Young's modulus variable
trends of the amorphous and crystalline region. The hardness and
Young's modulus of the amorphous region decreased from 8.30 GPa to
6.60 GPa and from 124 GPa to 108 GPa, or by 20.4% and 14.3% as
shown in Fig. 7(a). This is because the He+ ion irradiation led to an
increased fraction of free volume and caused the extra atomic scale
defects [9]. The crystalline regions showed that the peak-load increased
as the dose increased from 2.5×1017 ions/cm2 to 1.0× 1018 ions/cm2
in Fig. 7(b). The hardness and Young's modulus increased from 6.65
Fig. 3. OM images of the surface of the Cu48Zr48Al4
BMGC samples before and after irradiation at dif-
ferent doses: (a) as-cast, (b) 2.5×1017, (c)
5.0× 1017 and (d) 1.0×1018 ions/cm2. The inset
depicts the surface microstructure of the as-cast
sample. The amorphous matrix and the B2 phase
(dark contrast) are indicated in the ﬁgure. The region
marked by the black dashed circle shows the mar-
tensitic laths.
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GPa to 8.04 GPa and from 103 GPa to 115 GPa, due to the formation of
the monoclinic martensitic phases [12].
Fig. 8 displays the scattering of the 60 hardness values of the as-cast
and the irradiated samples that were irradiated at four irradiation
doses. The as-cast sample exhibited a narrow hardness range from
471.22 HV to 481.51 HV, with an average value of 476.55 HV. When
the dose reached 2.5×1017 ions/cm2, the hardness was conﬁned
within a narrow range, from 464.58 HV to 477.69 HV, with an average
value of 470.98 HV. When the dose reached 5.0×1017 ions/cm2, the
scatter range of hardness was enlarged, from 469.12 HV to 480.02 HV,
with an average value of 474.29 HV. When the dose reached
1.0×1018 ions/cm2, the hardness variation ranged from 461.14 HV to
475.02 HV, with an average value of 469.72 HV. The average hardness
value of the sample irradiated at the dose of 1.0× 1018ions/cm2 had
the largest variation, at 1.4%. The results showed that the macroscopic
hardness values of the Cu48Zr48Al4 BMGC were basically unchanged
before and after irradiation.
The surface mechanical properties of the Cu48Zr48Al4 BMGC after
ion irradiation were modiﬁed, so that the hardness of the amorphous
and crystalline regions indicated the opposite tendency. The surface
hardness of the irradiated material was caused by a competition be-
tween the softening and the hardening, and presented similar Vickers
hardness values at the four irradiation doses. This was induced by the
increased the free-volume fraction, irradiation-induced damages and
the enhanced phases. The Cu48Zr48Al4 BMGC could exhibit stable me-
chanical properties under the He+ ion irradiation, due to the combi-
nation eﬀects of both the amorphous and crystalline regions. As the
irradiation dose increases, the free-volume fraction inside the amor-
phous matrix increases. However, the precipitation of the nanoparticles
in the amorphous region can act as an enhanced phase to prohibit the
Fig. 4. AFM images of (a1), (a2), (a3) the amorphous regions and (b1), (b2), (b3) the crystalline regions of Cu48Zr48Al4 BMGC with diﬀerent doses. Here z-scales
30 nm/division.
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formation and propagation of the shear bands [26]. The softening eﬀect
caused by the increase of the free volume and the formation of irra-
diation-induced defects is greater than the hardening eﬀect caused by
the nanoparticles, so the amorphous region behaves an obvious soft-
ening phenomenon. However, the B2-CuZr phase undergoes a marten-
sitic transformation from a cubic primitive phase (Pm-3m) to two
monoclinic (P21/m and Cm) phases during the deformation [27,28].
These results revealed a larger hardness value in comparison to the
inside regions that maintained the B2-CuZr phase [12]. In my opinion,
He+ ion irradiation could be viewed as a stress-induced process that
caused the stress concentration in the main regions of the DPA, there-
fore, most B2 phases transformed into B19′ and B33 phases after irra-
diation.
Previous studies [9,29,30] show that ion irradiation could enhance
the ductility of BMGs by the increased fraction of free volume. While,
the presence of helium bubbles likely reduces the free volume available
for plastic deformation. Besides, in Wang’s study [9], the ductility of
MG pillars has been improved after irradiation, as the irradiation dose
Fig. 5. SEM images of (a), (b), (c), (d) the amorphous region and (e), (f), (g), (h) the crystalline region of Cu48Zr48Al4 BMGC before and after ion irradiation at
diﬀerent doses.
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increases, the formation of numerous nanocrystals leads to the decrease
of the ductility. The results show that the amorphous atoms underwent
a signiﬁcant number of knock-on events, which can alter the structure
by increasing the free volume, thereby improving the plasticity of the
amorphous matrix, but the formation of helium bubbles and nano-
crystals can reduce the ductility of BMGs [9,29].
4. Conclusion
In this study, the eﬀect of He+ ion irradiation on the structure and
the mechanical properties of the Cu48Zr48Al4 BMGC containing a B2-
CuZr phase were investigated. The B2 phase was transformed into B19′
and B33 phases after irradiation. The irradiation induced the surface
relief phenomenon, which was observed in the crystalline region. The
RMS roughness of the sample surface increased signiﬁcantly as the dose
increased. The dose of 1× 1018 ions/cm2 resulted in cracking, ex-
foliation, and other irradiation damage that appeared on the surface.
The irradiation damage in the crystalline region was more severe than
in the amorphous region. The surface hardness and Young's modulus of
the amorphous region showed various degrees of decline, as the irra-
diation increased the free volume inside the matrix and formed addi-
tional atomic scale defects. The surface hardness and Young's modulus
were enhanced in the crystalline region, due to the formation of the
martensitic phases. The macroscopic hardness of the Cu48Zr48Al4 BMGC
presented similar values after irradiation. These materials could main-
tain the stability of the mechanical properties under a certain critical
irradiation dose, which could promote its application in the irradiation
environment.
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